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Introduction 70
The presence of barriers (such as weirs, dams and culverts) in rivers has grown immensely in the 71 last centuries. These barriers are most often put in place to serve human needs, such as to 72 generate electricity (Welcomme, 1995) , though fish farming, irrigation and flood control are also 73 common (Jungwirth, 1998; Jungwirth, Muhar, & Schmutz, 2000) . When barriers were first 74 established, the potential detrimental impacts to the surrounding environment were not 75 considered (Hunt, 1988) , but it quickly became apparent that they had severe consequences to 76 river ecosystems and the organisms that live within them (e. Many countries lack a complete inventory of water barriers and those that do typically 80 register large barriers only (e.g., the United States National Inventory of Dams for dams above 81 10m). In Denmark, the Ministry of Environment and Food has recently generated an inventory of 82 barriers to implement the EC Waterframe Directive (Council of the European Communities, 83 2000). Although quite comprehensive, even this inventory is unlikely to account for all Danish 84 barriers given that smaller weirs and especially culverts often remain unregistered. While 85 freshwater management have remedied some of the negative consequences of barriers associated 86 with fish passage (e.g., through fish ladders, fish pass etc.), most of the habitat changes due to 87 damming are still present and thus still threaten stream and river ecosystem sustainability. The 88 need to take action is pressing given that riverine ecosystems are in the poorest condition of all 89 ecosystems across the globe (WWF, 2016). To date, there has been tremendous focus on the 90 impacts of barriers on fish passage (both upstream and downstream movements; e.g., Aarestrup 91 4 2005). While this approach has merit for management, it ignores some basic problems: (1) it 93 does not account for the loss of habitat in the resulting "ponded" zone that results from 94 damming, and (2) it typically ignores the small-scale migrations and movements of less known 95 species (Larinier, 2001 Here, we briefly describe the important consequences of barriers for rheophilic fish 99 species (i.e., species that live in fast-moving, oxygen-rich water), with greater focus on (1) 100 quantity of habitat lost due to a loss in gradient, and (2) lowland streams/rivers given that 101 gradient is a limiting factor for rheophilic fish reproduction and development in such 102
watercourses. We attempt to conceptualize the loss in habitat as a result of barriers, and present a 103 "quick and dirty" method that could be applied to management scenarios which aim to restore 104 the river continuum and natural habitats for rheophilic fish species. In Denmark, a country consisting solely of lowland landscapes, rivers are typically small, 131 and have smaller gradients than those from more mountainous countries. While a river in 132
Norway, for example, can easily provide a drop of 500m, even the larger Danish rivers typically 133 begin below 100m above sea level. Large gradients are therefore a limited resource in Denmark. 134
Nonetheless, much of the wildlife in Danish rivers relies on these scarce habitats (especially 135 rheophilic fish), making them especially important to protect. Within lowland rivers, the areas 136 where the gradient is (relatively) large, there is greater potential for harnessing water power, 137 often leading to the establishment of more than a single dam throughout the river course. For6 example, River Grejs (Vejle, Denmark) runs for approx. 15km, and has a total drop of 55m from 139 source to outlet, where a total of 11 dams were established by 1986. 140
An altered flow regime caused by dams affects the wildlife present, typically reducing 141 biodiversity (Bunn & Arthington, 2002; Power, Dietrich, & Finlay, 1996) and population size of 142 migratory species (Hubbs & Pigg, 1976; Zhong & Power, 1996) . This is especially true for 143 rheophilic species (Hoffman & Dunham, 2007) . Hence, the increase in water level (i.e., 144 increased depth) and current decrease may be used as indicators of the loss in geomorphological 145 variability and thus a river's ability to maintain biodiversity, as well as a rough measure of 146 potential rheophilic habitat loss. This is important because a relatively large proportion of species 147 that inhabit freshwater streams require relatively fast flowing and oxygen-rich water with varied 148 substrate conditions in order to thrive; the most common threat to freshwater species (i.e., fish, 149 amphibians, reptiles, mammals and birds) is habitat loss and degradation from anthropogenic 150 activities (Freyhof & Brooks, 2011) . reduce overall salmonid populations (Welcomme, 1985) . 158
Recognizing the consequences of barriers on freshwater ecosystems has led to the pursuit 159 of mitigation strategies. For example, some municipal and governmental agencies have put in 160 place new infrastructures to address environmental concerns (e.g., periodic high flows, fish7 ladders; Auer, 1996). A common approach is the installation of nature-like fish passes. These 162 bypasses can be useful in allowing fish to move upstream and downstream of a barrier (e.g., enabling rheophilic fish populations to re-establish and also enabling fish to migrate (both on 170 small and large scales), regardless of how much knowledge we have on a species. 171 172
Conceptualizing habitat loss: applications for management 173
In Table 1 , we provide data for three Danish rivers that vary in size from 3m to 40m in width and 174 from 20km to 149km in length. We present the total drop from spring to outlet, the summed drop 175 resulting from barriers, the total length of the river, and the summed length of the ponded zone. 176
This data was then used as a rough estimate of vertical and horizontal habitat loss (Table 1) . This 177 specific information was chosen given that it is typically easily accessed and could easily be 178 applied to management strategies. We acknowledge that the habitat loss may not be proportional 179 to the loss in gradient (as this approach suggests). In fact, the relationship between habitat loss 180 and gradient is likely more complex, especially if barriers are present further upstream, but this 181 approach has merit to rapidly address some of the management concerns we are currently facing. 182
This approach shows that a large proportion of the potential rheophillic habitat is lost in 183 the ponded zones (Table 1) . River Gudenaa, the longest river in Denmark, was historically one of8 the most important Danish rivers with large populations of anadromous salmonids. It has seven 185 barriers in the main stem predominantly for hydro power generation, yielding a total relative loss 186 of the potential spawning and juvenile development habitat of 36% (Table 1) . This loss increases 187 to approx. 60% if we exclude the upper 10% of the watercourse where the river is narrow, the 188 gradient is significantly larger, and salmon production is historically non-existent. The smaller 189 The three rivers discussed in the above paragraph run mainly through agricultural land. 198
Rivers
However, rivers running through urban areas may be subjected to even more severe habitat loss 199 
Conclusions 205
The productive potential of rheophillic species in lowland freshwater rivers is greatly reduced by 206 the presence of dams and weirs. Typical management interventions aim to address issues 207 concerning fish passage, but often omit to consider the habitat that has already been lost as a 208 result of barriers for which we lack empirical data (Abell, 2002). Given the relatively limited 209 gradient available in Danish rivers (and in lowland rivers across the world in general) and the 210 potential habitat loss associated with the latter, the overall effects of water barriers on habitat 211
should be included in assessments of watercourses. These actions should be undertaken 212 concurrently with the improvement of fish passage and other typical management-related 213 challenges. To improve the state of regulated lowland rivers may mean that many of these river 214 obstacles need to be removed in order to reinstate the former gradient and habitat, which may re-215 establish proper fauna passage in itself. 216
The purpose of this paper was to shine a light on a problem that is often ignored in 217 traditional fish management to this day: rheophilic habitat loss resulting from barriers. Too often, 218 the focus of management is on fish passage alone, ignoring other important effects of damming. 219
This may be particularly true for lowland rivers. Given the number of dams and weirs in rivers 220 across the world, we acknowledge that acquiring complete knowledge on habitat loss and fish 221 passage is a daunting task. However, if the majority of rheophilic-appropriate habitat is lost, 222 improving fish passage may be pointless. We therefore suggest the use of a "quick and dirty" 223 method (Table 1) showing two (A and B) identical weirs (i.e., same stemmed height). Depending on the gradient 448 of the river, the ponded zone differs. As the gradient typically decreases, and the river size 449 increases, from source to outlet, a similar sized weir closer to the outlet will have a larger ponded 450 zone, both in terms of length and surface area. Downward-pointing arrows (↓) represent a 451 decrease. 452 453
